The possibility of determining pion electromagnetic form factor from high energy electropion production experiment is discussed. The amplitude is analyzed in the Regge formalism. If the pion belongs to Class II of 0(3, 1), the electromagnetic form factor of the pion can be determined from the knowledge of the k2 dependence of the forward amplitude at high energies. Here k is the four-momentum of the virtual photon exchanged in the reaction. Discrimination between type-II and type-III pions is seen from the polarization dependence of the forward cross section. § l. Introduction
The most reliable experimental method to determine the electromagnetic form factor of the pion would be the elastic scattering of a pion and an electron. This is unpractical at present, and a widely used alternative is the scattering of an electron and a virtual pion, i.e. the electro-pion production off the nucleon.
Extraction of the pion form factor from the experimental data of the electropion production suffers from some ambiguity, since it must depend on the theory of strong interaction, in contrast with the case of the nucleon form factors, which can be directly obtained from electron-nucleon scattering. Usually data at rather low energies are analyzed with the help of the dispersion relation for the process rv + N->rc + N, (1·1) where rv stands for the exchanged virtual photon.ll'
>
To solve the dispersion relation, one must use approximations in any way. Furthermore, in the amplitude thus obtained, the part proportional to the pion form factor is numerically smaller than the part proportional to the nucleon form factors. This fact adds uncertainties to the determination of the pion form factor from experiment.
It is therefore desirable to have some other complementary method to determine the pion form factor. In this paper we examine the electro-pion production at high energies, assuming Regge theory for the process (1·1). If the exchange of the pion trajectories dominates the amplitude, one may hope to get some information on the pion form factor from the P dependence of the cross section for electro-pion production, where h~" is the four-momentum of the virtual photon.
The Regge formalism has thus far been constructed for reactions between particles with time-like momenta. When the momentum k"' is time-like (k/<O), the process (1·1) is the same as the vector-meson production by the pion, for which the Regge theory has been established by many authors. 3 ) In our case k"' is space-like (k/>O), and it is not clear from the beginning that the general theory can be applied also to this case. As is shown in ~ 3, however, an almost pararell formulation can be made if we define the helicity states of the virtual photon suitably.
Whether or not information on the pion form factor can be extracted from the cross section depends on the 0 (3, 1) classification of the pion trajectory.
This will be discussed in § 4. Our main conclusion is as follows.
(1) If the pion belongs to Class III of 0 (3, 1), the high energy forward amplitude of the process (1·1) is dominated by 7rc, the conspirator of the pion.
Then the experiment gives us the k 2 dependence of the residue for the rrrrrc vertex, which is not connected with the pion form factor directly.
(2) If the pion belongs to Class II, the forward amplitude consits of two parts: contributions from pion trajectory and those from non-Regge-pole. The latter is necessary to explain the forward peak of the photo-pion production cross section. From the cross section for high energy electro-pion production in the forward direction, the p dependence of the residue function of the rrrrr vertex near t = 0 is obtained, and if a smooth extrapolation to t = ti is permitted, the pion form factor is determined.
(3) If the pion chooses the evasive solution, non-Regge-pole contribution is large in the forward amplitude and the pion form factor is not determined.
The discrimination between Class-II and Class-III cases can be seen from the dependence of the forward cross section on the polarization of the virtual photon. § 2. Kinematics
(a) Independent variables
We consider the electro-pion production ( 
·1)
The four-momentum of each particle is indicated in the parentheses.*) The fourmomentum and the polarization vector of the exchanged virtual photon will be denoted by k"' (k=l~1 -1~2) and e"', respectively. The Mandelstam variables are defined as
of which the relation
holds. Here m and 11 are the masses of the nucleon and the pion, respectively, and
Throughout this paper the electron mass -vvill be neglected. for which we use the t-channel center-of-mass system denoted by the superscript t. The photon momentum k~< is retained in the space-like region throughout this paper.
The production angles of the pion in the s-channel center-of-mass system are denoted by fP and q/ (see Fig. 1 ). The t-channel center-of-mass scattering angles 8t is defined as the angle between the photon and nucleon:
In any frame the photon three-momentum k IS always fixed in the direction of the third axis. Five independent variables are needed to describe the electro-pion production (2·1 ) is defined by
where 8e is the scattering angle of the electron. It takes a value between 0 and 1, and is related to the polarization of the virtual photon. The case E = 0 corresponds to an unpolarized transverse photon. In passing we examine the possible ranges of the variables s, tc 2 and E with a given value of k{o, the energy of the incident electron in the laboratory system.
One can easily see that (2·7) and that (2 ·8) where 2 ) 
Numerical examples of JC!ax are shown in Fig. 2 . of k1~ (or Smax), JC 2 and S:
The variable E is a function
The relation between E and k 1~ with the given values of s and JC 2 is shown in Fig. 3 .
(b) I-Ielicity states of the virtual photon
We define the helicity states of the virtual photon by the polarization vectors in the Breit system:
eB(s) = (0, 0, 1; 0).
In the s-channel center-of-mass system these definitions correspond to
where k 8 = JksJ. In the !-channel center-of-mass system photon helicities are defined by analogous expressions. It turns out that in the following formulation the helicity states ( ±) and (O) may be regarded as if they were the helicity states of a spin 1 particle with a time-like momentum. The helicity state (s) does not contribute to the amplitude due to gauge invariance.
(c) Differential cross section
The matrix element T of the electropion production (2 ·1) 1s expressed as where
Here g'"' is the electromagnetic current of hadrons. tion for the electropion production is given by
The differential cross sec-
where dQ/: and dQ7r are differential solid angle of the final electron 111 the laboratory system and that of the pion in the s-channel center-of-mass system, respectively. dov I dQ" is the cross section for the pion production by the virtual photon and is equal to the cross section for the photo-pion production when 
where fd;bc are the s-channel helicity amplitudes with a, b and c the helicity of the final nucleon, the initial nucleon and the virtual photon, respectively. Next we have to express the cross section in terms of the t-channel helicity amplitudes. Expressions for general directions are rather complicated, and will be derived in Appendix I. In the forward direction (fl = 0), however, many of the amplitudes vanish owing to sin fF = 0 and sin et = 0, and furthermore the crossing matrix between the s-and t-channel amplitudes become diagonal. Relations among nonvanishing independent amplitudes are (at fF = 0) I ff;2;-(1/2)-11 =I f~c1/2)(l/2);11, I ff;z;c1/2)ol =I fh/2)c1/2):ol, (2 ·18) where f~b;c are the t-channel amplitudes with a, b and c the helicity of the nucleon, anti-nucleon and virtual photon, respectively. A proof of (2 ·18) Is g1ven in Appendix II. From (2 ·17) and (2 ·18), the forward cross section is 'given by A= I f"-(1/2)(1/2);1/ virtual photon (1·1) in order to clarify the role of gauge invariance in the photo-pion production. Although they assumed implicitly that the momentum of the virtual photon is time-like, their procedure can be applied, almost word to word, to our case. Some differences between Ball and Jacob's expressions and ours come from different definitions of photon helicities.
Eight invariant amplitudes are introduced by the following decomposition of the amplitude for the process (1·1) :
where N1=ir5r·er·k,
M=2ir5q·e,
Gauge invariance requires that
Nr =r5r ·kk ·e, Na =r5r ·kq ·e.
Since B 4 and B 7 do not contribute to the amplitude of electro-pion production, gauge invariance does not play a significant role as long as JC 2~0 .
The expressions for the t-channel helicity amplitudes in terms of the invariant amplitudes are given in Appendix II. Then it is straightforward to construct the following parity conserving amplitudes Fj (j= 1rv6) which are free of both s-and t-channel kinematical singularities: where F1 =-.
1 e cicl/2)(1/2);1 + ~~(1/2)-(1/2);1), 
From (3 · 7) we get the following constraint equations:
and conditions. The consequences of (3 · 9) and (3 ·10) will be discussed in § 4.
Finally we get the Regge asymptotic formulas for the amplitudes F. are a Regge trajectory and a reduced residue, respectively. In Table I , we show trajectories which contribute to each amplitude. 
The forward differential cross section (2 ·19) IS vnitten in terms of the F's as Hereafter we discuss only the charged pion production. Let us first re'new the well-known conspiracy at t = 0. From the high energy asymptotic expressiOn (3 ·11), the constraint relations (3 · 9) and (3 ·10) can be written as and
respectively, where TCc (A 1 ) stands for a trajectory, if any, v.rhich contributes to the amplitude F 3 (F 6 ) (see Table I ). If the pion belongs to Class III of 0 (3, 1), as is assumed by many authors In the case of Class III, the cross section for the electro-pion production In the forward direction, where t::::::::O, becomes, from (3 ·12), j A= lr,..c (O, !Gz)-a,..s__®_ 1+exp(-ina,..c(O) 
where use has been made of the asymptotic form of t,
In the case of Class-II pion, the forward cross section is The cross section ( 4 · 5) is incomplete by itself, since it cannot explain the forward peak of the photo-pion production. That is, if the pion belongs to Class II, there must be some contribution to A from Regge cuts, fixed poles or something like that. An example of this is given by Amati et al. 10 ) For the term B, we assume that it comes solely from the exchange of a Regge pole. This assumption can in principle be checked experimentally by seeing if the cross section B reveals the t dependence peculiar to the Regge model.
From (2 ·16) we see that the forward cross section is proportional to A+ EB, so that if we plot the experimental values of d6'v / dQ" I es=o against E with a fixed
we obtain a straight line with the tangent proportional to B. Comparing ( 4 · 3) and ( 4 · 5), we see a method of discrimination of Class-II and Class-III pion from experiment. That is, if the tangent is zero, the pion belongs to Class III. On the other hand, if the pion belongs to Class II, the tangent will have an appreciable value.
Finally we consider how to extract the pion electromagnetic form factor from the forward cross section for the electro-pion production. The pion pole terms of the invariant amplitudes are
where g is the nN coupling constant (g 2 / 4n"-" 15) and F" (1c 2 ) is the electromagnetic form factor of the pion normalized as F71: (0) = 1. Combining ( 4 · 6) with (3 · 7), we see that among the amplitudes Fj only F 5 has the pion pole at t=ji.
(4. 7)
The fact that F2 does not have a pion pole at t = f1 2 is m accord with the Regge asymptotic formulas (3 ·11). We see, therefore, that the forward cross section for the electro-pion production is connected with the pion form factor F" (rv 2 ) Assuming that the variation of the residue function r "' 5 (t, 1c 2 ) Is small m gomg ) we have the following expression for the cross section B in terms of the pion form factor:
That Is, from the part of the cross section which is proportional to E, we can estimate the pion form factor F" (rv 2 ). § 5. Discussion
It has been shown above that if and only if the pion belongs to Class II of 0 (3, 1) , the electromagnetic form factor of the pion can be determined from the high energy forward cross section for electro-pion production.
The discrimination between Class-II and Class-III pion is seen from the E dependence of the fonvard cross section. For Class-II pion the order of magnitude of B is estimated from ( 4 ·10) with F" (rv 2 ) :::::::::1. When we compare this with the value of A at JC 2 = 0 obtained from the experiment of the forward photo-pion production cross section, we see that A and B are of the same order. For Class-III pion, B is zero.
Although the classification of the pion into 0 (3, 1) has not been determined at present, the Class-II pion is less probable, at least phenomenologically, since it must have a trajectory with aA 1 (0) :::::::::0.98. Furthermore, we must assume Regge pole dominance for B. Especially for the Class-II pion, we must have some non-Regge-pole contributions for A so that there is no guarantee in assuming pure Regge pole dominance for B. To check this, we must inquire the t dependence of the cross section from the experiment and see whether it shows Regge-like behaviors. 
